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Photoelectrons for clusters
Transition metal oxide clusters
A. W. Castleman, Catal. Lett. 141, 1243 (2011)
D. R. Justes, R. Mitric´, N. A. Moore, V. Bonacˇic´-Koutecky´, A. W. Castleman, J. Am. Chem. Soc. 125, 6289 (2003)
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Photoelectrons for clusters
Photoelectron spectroscopy for clusters
Advantages
• mass-selection
• few tools to probe anions
• “universal” technique
Disadvantages
• modest resolution (∼ 100 cm−1)
• harder to cool ions -M
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Photoelectrons for clusters
Slow electron velocity-map imaging and ion cooling
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• Molecular resolution down to 4 cm−1 FWHM
• Ion temperatures down to 10K
D. M. Neumark, J. Phys. Chem. A 112, 13287 (2008)
C. Hock, J. B. Kim, M. L. Weichman, T. I. Yacovitch, D. M. Neumark, J. Chem. Phys. 137, 224201 (2012)
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Group IV dioxide monomers
Even simple d0 MO2 need work
• Bulk TiO2, ZrO2, and HfO2 huge in industry
• d0 neutral, d1 anion
• Neutral structures by FTMW rotational
spectroscopy
• Vib. freq. by matrix isolation IR, dispersed
fluorescence, anion PE
W. Zheng, K. H. Bowen, J. Li, I. D ↪abkowska, M. Gutowski, J. Phys. Chem. A 109, 11521 (2005)
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Group IV dioxide monomers
Full vib. assignment of MO2 X˜
1A1 ← X˜ 2A1
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• Refined vib. freqs., EAs
• Limits on anion geometries
• Proof-of-principle
J. B. Kim, M. L. Weichman, D. M. Neumark, Phys. Chem. Chem. Phys. 15, 20973 (2013)
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Vanadium dioxide
More complex: VO2
• Bulk vanadia in catalysis, bulk VO2 in
switchable metal-to-insulator material
• d1 ← d2
• Prior spec.: matrix IR/ESR, anion PE,
photofrag. spec.
• Electronic ground and excited states?
H. Wu, L.-S. Wang, J. Chem. Phys. 108, 5310 (1998)
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Vanadium dioxide
Multiple states and vibrations of VO2
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• Anion X˜ 3B1, neutral X˜ 2A1, A˜ 2B1, B˜ 2A1 on basis of FC sim and
calc. energies
• ν1, ν2, term energies for all three states
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Group IV dioxide dimers
Structural isomers of polymetal systems
S. Li, D. A. Dixon, J. Phys. Chem. A 112, 6646 (2008)
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Group IV dioxide dimers
Structural isomers of polymetal systems
S. Li, D. A. Dixon, J. Phys. Chem. A 112, 6646 (2008)
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Group IV dioxide dimers
Assignment requires vibrational resolution
Theory
Ti2O4
–, CCSD(T)/CBS
C2v C2h C3v
ADE ( eV) 1.95 1.64 1.98
VDE ( eV) 2.32 2.22 2.13
E ( kcal/mol) 0.0 1.6 6.7
Experiment
S. Li, D. A. Dixon, J. Phys. Chem. A 112, 6646 (2008)
H. Wu, L.-S. Wang, J. Chem. Phys. 107, 8221 (1997)
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Group IV dioxide dimers
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Group IV dioxide dimers
Ti2O4
– has multiple isomers
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J. B. Kim, M. L. Weichman, D. M. Neumark, J. Am. Chem. Soc. 136, 7159 (2014)
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Group IV dioxide dimers
Zr2O4
– has different isomers
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Group IV dioxide dimers
Isomers for Ti2O4 vs. Zr2O4, anion vs. neutral
Z r
C 2 h
C 2 h
C 2 h
C 2 h
C 2 v
C 2 vC 2 v
C 2 v
Ene
rgy
C 3 v
C 3 v
C 3 v
M 2 O 4
M 2 O −4
C 3 v
M = T i
15 / 16
Acknowledgments
16 / 16
